Introduction {#Sec1}
============

Lepton Flavour Violation (LFV) \[[@CR1]--[@CR3]\], meaning local interactions that change the flavour of charged leptons, should occur because neutrinos have mass and mix. This motivates sensitive searches for processes such as $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu \mathrm{-}e ~\mathrm{conversion}$$\end{document}$ \[[@CR5], [@CR6]\]. However, the mechanism responsible for neutrino masses is unknown, so it is interesting to parametrise LFV with contact interactions, and to look for it everywhere. In this context, the LHC could have the best sensitivity to LFV processes involving a heavy leg, such as the *Z* \[[@CR7]--[@CR31]\], the Higgs \[[@CR31]--[@CR62]\], or a top \[[@CR63], [@CR64]\]. In this paper, we study the LFV top decays $\documentclass[12pt]{minimal}
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We suppose that these decays are mediated by a 4-fermion interaction, and outline in Sect. [2](#Sec2){ref-type="sec"} the current bounds on LFV branching ratios of the top. The bounds arise from rare decays and HERA's single-top search, and they are discussed in more detail in the appendices. We find that, while these bounds place strong constraints on some specific Lorentz structures for the 4-fermion interactions, they still allow for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t \rightarrow q e^\pm \mu ^\mp $$\end{document}$ decays with rates within the LHC reach. In Sect. [3](#Sec6){ref-type="sec"}, we estimate the LHC sensitivity to $\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$ of LHC data at 8 TeV. This estimate relies on simulations of the background and signal and is inspired by the CMS search for $\documentclass[12pt]{minimal}
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                \begin{document}$$t\rightarrow Z q$$\end{document}$ \[[@CR65]\]. The extrapolation to higher energies and luminosities is discussed in Sect. [4](#Sec11){ref-type="sec"}.

*Quark*-flavour-changing top decays, such as $\documentclass[12pt]{minimal}
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                \begin{document}$$t\rightarrow h c$$\end{document}$, have been studied in the context of explicit models \[[@CR62], [@CR66]--[@CR79]\] or described by contact interaction parametrisations \[[@CR80]--[@CR87]\], and they have been searched for at the LHC \[[@CR65], [@CR88]--[@CR90]\]. Quark-flavour-changing (but lepton-flavour-conserving) three-body decays of the top, $\documentclass[12pt]{minimal}
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                \begin{document}$$t \rightarrow c f\bar{f}$$\end{document}$, where *f* is a lepton or quark, have also been calculated in explicit models \[[@CR91]--[@CR94]\]. Top interactions that change quark and lepton flavour, and, in addition, baryon and lepton number, have been explored in \[[@CR95], [@CR96]\] and searched for by CMS \[[@CR97]\]. In models with weak-scale neutrinos *N* \[[@CR98]\], there can be lepton number- and flavour-changing *W* decays: $\documentclass[12pt]{minimal}
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                \begin{document}$$W^- \rightarrow N \ell \rightarrow q \bar{q}' \ell ' \ell $$\end{document}$, which could appear in the final state of top decays. In the presence of this decay, $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ production could give a final state with 3 leptons, missing energy and jets, as in the decay we study (see Fig. [2](#Fig2){ref-type="fig"}). However, a different combination of leptons and jets should reconstruct to the top mass. Finally, Fernandez et al. \[[@CR63]\] studied almost the same process as us, $\documentclass[12pt]{minimal}
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                \begin{document}$$t \rightarrow q\tau ^\pm \mu ^\mp $$\end{document}$, but mediated by a (pseudo)-scalar boson. They obtained separately the low-energy bounds on the quark- and lepton-flavour-changing couplings of their boson, and they show that LFV top branching ratios can be $\documentclass[12pt]{minimal}
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                \begin{document}$${\lesssim } 2 m_{W}$$\end{document}$. Heng et al. \[[@CR64]\] calculated LFV top decay rates in R-parity non-conserving supersymmetry, finding rates comparable to our leptoquark estimates.

Current bounds {#Sec2}
==============

We are interested in the decays of a top (or anti-top) to a jet and a pair of oppositely charged leptons of different flavour. In this work, we focus on the processes $\documentclass[12pt]{minimal}
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                \begin{document}$$e \leftrightarrow \mu $$\end{document}$ flavour violation is the most strictly constrained at low energy. We leave the decays to $\documentclass[12pt]{minimal}
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We suppose that these decays are mediated by 4-fermion contact interactions. A complete list of the $\documentclass[12pt]{minimal}
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                \begin{document}$$SU(3) \times U(1)$$\end{document}$ invariant operators that we study is given in Appendix [A](#Sec15){ref-type="sec"}. We do not impose SU(2) on our operators, because the scale we will probe is not far from the electroweak scale. We refer to these LFV operators as "top operators". Here, as an example, consider the exchange of a heavy SU(2) singlet leptoquark $\documentclass[12pt]{minimal}
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Decay of the top {#Sec3}
----------------

In the Standard Model, the top decays almost always to $\documentclass[12pt]{minimal}
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The phase space distribution of the $\documentclass[12pt]{minimal}
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Bounds from flavour physics and HERA {#Sec4}
------------------------------------

Low-energy constraints on 4-fermion operators involving 2 leptons and 2 quarks have been estimated and compiled for many operators taken one at a time \[[@CR102]--[@CR104]\], and carefully studied for selected flavour combinations (see e.g. \[[@CR105]\], or global fits to $\documentclass[12pt]{minimal}
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Exchanging a *W* between the *t* and *q* quark legs of the top operator will generate an operator with down-type external quark legs, see the left diagram of Fig. [1](#Fig1){ref-type="fig"}. The coefficient of this light quark operator will be suppressed by a loop, CKM factors, and various masses. Numerical values for these suppression factors are given in Table [9](#Tab9){ref-type="table"} of the appendix; however, their approximate magnitude is simple to estimate. If the top is singlet ($\documentclass[12pt]{minimal}
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Implications {#Sec5}
------------

The current bounds on LFV branching ratios of the top can be obtained from Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}, and from and Eq. ([4](#Equ4){ref-type=""}). In these tables, the bound on $\documentclass[12pt]{minimal}
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In this paper, we are interested in top decays to $\documentclass[12pt]{minimal}
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Finally, it is interesting to consider how large the $\documentclass[12pt]{minimal}
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===================================================================================================

In this section, we estimate the sensitivity of current LHC data to the LFV top decays $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ pair, because this is the most abundant source of tops at the LHC, followed by the leptonic decay on one top, and the LFV decay of the other. This is illustrated in Fig. [2](#Fig2){ref-type="fig"} and gives a final state containing 3 isolated muons or electrons,[3](#Fn3){ref-type="fn"} which has small Standard Model backgrounds.

Simulation setup {#Sec7}
----------------

This study is performed for proton--proton collisions at the LHC, with a centre-of-mass energy of 8 TeV and an integrated luminosity of 20 $\documentclass[12pt]{minimal}
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Delphes uses a particle-flow-like reconstruction. The relative isolation of leptons is calculated from the total $\documentclass[12pt]{minimal}
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For this study, no additional interactions in the same or neighbouring bunch crossing (pileup) are simulated.

Signal and SM backgrounds generation {#Sec8}
------------------------------------

The signal is generated with PYTHIA 8.205 \[[@CR117]\] using tune 4C. Top quarks are pair produced, then one top is forced to decay to charm, $\documentclass[12pt]{minimal}
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The backgrounds for this search, listed in Table [3](#Tab3){ref-type="table"}, are processes that can give rise to 3 isolated leptons and at least 2 jets in the final state. Most of them are related to the production of real isolated leptons, e.g. from a top pair or vector bosons in the final state. In the table, are also shown the details as regards the number of generated events and production cross section for 8 and 13 TeV proton--proton collisions. The number of generated events refers to the generation at 8 TeV. The $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{t} = 173.3$$\end{document}$ GeV. When an explicit calculation was not available, the cross sections have been calculated with the MCFM package \[[@CR119]\], version 7.0. The kinematic cuts used for the calculation are also shown in the table.Table 3Number of events generated, and cross sections at NLO (except for $\documentclass[12pt]{minimal}
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The leading order (LO) matrix element generator, MADGRAPH 5 \[[@CR123]\], with CTEQ6 parton distribution functions, is used to generate top pair production, and associated production of a top pair and a vector boson (*ttW*, *ttZ*). MADGRAPH, interfaced with tauola for $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$ decays, is used to generate vector--vector production (*WW*, *WZ* and *ZZ*) and the contribution of weak processes giving rise to final states with one top quark, one *b* quark and a *Z* boson (decaying to leptons). For the vector--vector production, we only consider final states with at least 2 real charged leptons. This means that for the *WW* system, the considered final states are 2 charged leptons and 2 neutrinos; for *WZ*, they are 3 charged leptons and one neutrino or 2 charged leptons and 2 quarks; and for *ZZ*, they are 2 charged leptons and 2 neutrinos, 2 charged leptons and 2 quarks, or 4 charged leptons. In all cases, MADGRAPH accounts for the presence of up to 2 additional jets at matrix-element level, and the hadronisation is carried out by PYTHIA 8.205. The details of the SM background simulation and cross sections are shown in Table [3](#Tab3){ref-type="table"}.

Event selection {#Sec9}
---------------
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The considered signature is 3 isolated leptons (with one pair of opposite sign and opposite flavour from the LFV decay), 2 jets (one of which is a *b*-jet), and missing transverse energy. For the event selection, we consider only muons of $\documentclass[12pt]{minimal}
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The number of expected events, for the signal and for each background category, on 20 fb$\documentclass[12pt]{minimal}
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Results and expected limits on the branching ratio {#Sec10}
--------------------------------------------------

The selection and its efficiency, on signal and background, are discussed in Sect. [3.3](#Sec9){ref-type="sec"}, and summarised in Table [4](#Tab4){ref-type="table"}. Assuming a branching ratio of $\documentclass[12pt]{minimal}
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In Fig. [3](#Fig3){ref-type="fig"}, we show the invariant mass of the LFV top candidate (left) and the standard top candidate (right), in events passing all the cuts except those on the masses themselves.Fig. 3Invariant mass of the LFV top candidates (*left*) and standard top candidate (*right*) in events passing all the selection, apart from the cut on the masses themselves. The different background contributions are shown in filled histograms and stacked, normalised to the number of events expected in 20 fb$\documentclass[12pt]{minimal}
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As explained in Appendix [E](#Sec30){ref-type="sec"}, we emulate in our framework the published CMS search for $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$BR(t\rightarrow q \mu ^\pm e^\mp ) < 6.3 \times 10^{-5}$$\end{document}$), showing that the existing LHC data from Run1 can still be used to obtain interesting constraints on lepton-flavour violation.

Discussion {#Sec11}
==========

Perspectives at 13 and 14 TeV {#Sec12}
-----------------------------

To estimate the reach of the described search at a centre-of-mass energy of 13 TeV, we extrapolate the 8 TeV results, rather than performing a full simulation of signal and background processes at 13 TeV. The increase of the production cross sections for SM processes, from 8 to 13 TeV (see Table [3](#Tab3){ref-type="table"}), is taken into account. The selection requirements and efficiencies are kept the same as for the 8 TeV analysis. For the signal, we have checked on simulated events that the efficiencies at 8 and 13 TeV are consistent within 5 %.

The sensitivity is estimated by calculating the expected upper limits on $\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$ of integrated luminosity at 14 TeV. In this last case, we simply rescale signal and background rates from 13 to 14 TeV, and use the square root of the number of expected background events as an estimate of their uncertainty. The obtained values are summarised in Table [5](#Tab5){ref-type="table"}. The upper limits presented here are derived using statistical uncertainties only, so do not take into account the possibility for such analyses to become systematically dominated in the future. In order to have an accurate evaluation of the systematics evolution, a deeper study from the LHC experiments would be needed. On the other hand, for an analysis on 13 or 14 TeV data, the selection would have to be re-optimised, possibly leading to an increase in sensitivity.

Single top {#Sec13}
----------

In addition to mediating LFV top decays, the top operators listed in Appendix [A](#Sec15){ref-type="sec"} could lead to single-top production with an $\documentclass[12pt]{minimal}
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                \begin{document}$$pp \rightarrow \bar{t} t \rightarrow e^\pm \mu ^\mp \bar{q} , \overline{\ell } \nu b$$\end{document}$, for operators involving a *u* quark and slightly less for a *c* quark.Fig. 4Single-top production via the LFV contact interaction, which produces a final state similar to the considered signal

We neglect this process for two reasons. First, the contact interaction approximation (the \|4-momentum$\documentclass[12pt]{minimal}
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We envisage that it makes sense to neglect the LFV single top process in a first search for LFV top decays. This is conservative, because LFV single-top production could contribute events that pass our selection. In the absence of a signal, such a search could sufficiently constrain the contact interaction scale $\documentclass[12pt]{minimal}
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Summary {#Sec14}
=======

The aim of this paper was to explore the LHC sensitivity to the decay $\documentclass[12pt]{minimal}
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In Sect. [3](#Sec6){ref-type="sec"}, we evaluate the sensitivity reach of a dedicated search for lepton-flavour violation in top decays, at the 8 TeV LHC. The search targets $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ events, where one top decays to an up-type quark (*u* or *c*) and a pair of leptons of opposite sign and opposite flavour, and the other one decays to a *b* quark and a *W*, which subsequently decays to a charged lepton and a neutrino. This is illustrated in Fig. [2](#Fig2){ref-type="fig"}.

The relevant signal and SM background processes are simulated for LHC Run1-like conditions: proton--proton collisions at 8 TeV centre-of-mass energy, for an integrated luminosity of about 20 fb$\documentclass[12pt]{minimal}
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We find that a dedicated search by a single experiment using 20 fb$\documentclass[12pt]{minimal}
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A similar list can be constructed for down-type quarks. These will be relevant, because the top operators can generate the down operators at one loop. To reduce index confusion, down-type quarks will have Greek flavour indices $\documentclass[12pt]{minimal}
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In this appendix, we wish to close the quark lines of a top operator, and attach a photon (and a Higgs vev) to the resulting diagram, such that it contributes to $\documentclass[12pt]{minimal}
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It is convenient to pretend that the New Physics scale is $\documentclass[12pt]{minimal}
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Appendix C: top operators in meson decays {#Sec21}
=========================================

Dressing a top operator with a *W* loop, where the *W* attaches to the top leg, generates a contact interaction among light fermions, where the *t* is replaced by *b*, *s* or *d*. So the first step in obtaining bounds on the top operators is to collect up-to-date bounds on the relevant 2-quark--2-lepton operators involving *d*-type quarks. These are listed in Tables [6](#Tab6){ref-type="table"}, [7](#Tab7){ref-type="table"} and [8](#Tab8){ref-type="table"}, updated from \[[@CR103]\]. In Sect. [C.2](#Sec23){ref-type="sec"}, we estimate the loop factors, which, when multiplied by the top-operator coefficients, give the coefficients of light-fermion operators that are constrained by Tables [6](#Tab6){ref-type="table"}, [7](#Tab7){ref-type="table"} and [8](#Tab8){ref-type="table"}. Finally, in Sect. [C.3](#Sec24){ref-type="sec"}, we combine the loop factors and tables to obtain the bounds on top-operator coefficients given in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}, and briefly discuss possible cancellations among the operators.

C.1 Updated rare decay bounds {#Sec22}
-----------------------------
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The bounds of Table [1](#Tab1){ref-type="table"} implicitly assume that only one LFV top operator is present at a time. This assumption depends on the choice of operator basis, so it is interesting to consider the possibility of cancellations among the $\documentclass[12pt]{minimal}
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In obtaining bounds from (pseudoscalar) meson decays, an operator basis that includes tensors is convenient, because the tensors do not contribute \[[@CR132]\] to the decays $\documentclass[12pt]{minimal}
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Appendix D: Single *t* production at HERA {#Sec25}
=========================================
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D.1 The H1 analysis {#Sec26}
-------------------
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We would like to use this limit to set a bound on $\documentclass[12pt]{minimal}
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D.2 Translating to contact interactions {#Sec27}
---------------------------------------

To translate the H1 bound to our contact interactions, we must address various issues.We estimate that the bound on $\documentclass[12pt]{minimal}
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The operators of Appendix [A](#Sec15){ref-type="sec"} induce a differential partonic cross section for $\documentclass[12pt]{minimal}
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Appendix E: The CMS search for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\longrightarrow Zq$$\end{document}$ {#Sec30}
======================================================================

The CMS collaboration sets the limit $\documentclass[12pt]{minimal}
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We hence implement in our framework the selection described in \[[@CR65]\]. The definition of good jets and isolated leptons is the same as in our analysis described in Sect. [3.3](#Sec9){ref-type="sec"}. We select events containing exactly 3 isolated charged leptons (electrons or muons), of which 2 have the same flavour and opposite sign. Events are requested to contain at least 2 jets, and exactly one b-tagged jet, and the missing transverse energy has to be higher than 30 GeV. The invariant mass of the opposite sign and same flavour lepton is required to lie within 78 and 102 GeV/c$\documentclass[12pt]{minimal}
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The 2 opposite sign and same flavour leptons are identified as coming from the Z decay, if there is more than one possible lepton pair, the one with invariant mass closest to the Z mass ($\documentclass[12pt]{minimal}
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                \begin{document}$$m_{Z}$$\end{document}$) is chosen. The remaining lepton is associated with the decay of the W and used, with the missing transverse energy, to calculate the neutrino longitudinal momentum with a W mass constraint, as explained in Sect. [3.3](#Sec9){ref-type="sec"}. The invariant mass of the W and the b-tagged jet is required to be within 35 GeV/c$\documentclass[12pt]{minimal}
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All the background processes taken into account in the CMS analysis are considered. In our simulated samples, the expected number of background events after applying the CMS selection is $\documentclass[12pt]{minimal}
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                \begin{document}$$3.2\pm 1.2 (\hbox {stat}) \pm 1.5(\hbox {syst})$$\end{document}$. This comparison is not meant to be rigorous, as the Delphes emulation of the CMS detector reconstruction is well known to be imperfect, and the samples used here do not include any effect from pileup. Nevertheless, the agreement is good enough to validate our framework as a tool to extract reasonable sensitivity studies. The result of this comparison also motivates the variation of 100 % in the expected background events for the limit calculation, performed in the main study (Sect. [3.4](#Sec10){ref-type="sec"}).

The limit setting procedure is validated as well: when using the number of expected events from the public result in our statistical procedure, we obtain an expected upper limit of $\documentclass[12pt]{minimal}
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Having validated our method on expected background allows us to evaluate the constraint set on the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\rightarrow q \mu ^\pm e^\mp $$\end{document}$ branching ratio by the CMS analysis \[[@CR65]\]. Indeed, our LFV top events and the CMS analysis share the same overall final state (missing transverse energy, 3 isolated leptons, and 2 jets, of which one is a *b*-jet). Half of our LFV events should give a pair of opposite sign, same flavour leptons, as required in the CMS analysis. However, in our case, they do not come from the *Z*, but, respectively, from the *t* and $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{t}$$\end{document}$ (see Fig. [2](#Fig2){ref-type="fig"}), so they are easily rejected by the CMS requirement that their invariant mass be near $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_Z$$\end{document}$. In order to quantify this, we evaluate the efficiency of the CMS event selection on the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\rightarrow q \mu ^\pm e^\mp $$\end{document}$ signal sample, obtaining $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\epsilon =0.050\pm 0.005~\%$$\end{document}$. This would correspond to an expected limit on LFV in top decays of $\documentclass[12pt]{minimal}
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                \begin{document}$$BR(t\rightarrow q \mu ^\pm e^\mp )<4\times 10^{-3}$$\end{document}$). Comparing to Eq. ([4](#Equ4){ref-type=""}), we see that this is on the verge of probing LFV top decays mediated by a 4-fermion operator.
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They are given so that in the future, if the experimental bounds improve, the limits can be obtained by simply rescaling the number in the tables. For instance, if the upper bound on $\documentclass[12pt]{minimal}
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The final states where the *W* decays to $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$ decays, can pass our selection is taken into account in the signal efficiency, as explained in the following.
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Alternatively, one can impose pseudoscalar decay bounds on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\epsilon ^{S+P,X}_{i j q_2 q_1} -\frac{1}{2}\epsilon ^{LQ,X}_{i j q_2 q_1}$$\end{document}$. From Eq. ([49](#Equ49){ref-type=""}) and after, the top operators $\documentclass[12pt]{minimal}
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H1 obtained a more restrictive bound, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma \le 0.25$$\end{document}$ pb, by combining the various top decay modes.

That is, the number of signal events *s* that give $\documentclass[12pt]{minimal}
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